The electrochemical behavior and stability of several current collectors (copper, nickel, stainless steel 316L, aluminum, titanium) potentially employed in magnesium batteries with non-aqueous Mg(AlCl 2 EtBu) 2 /THF electrolyte have been investigated in both three-electrode electrochemical cell and coin cell configurations. Linear sweep voltammetry and coin cell charge/discharge measurements indicate that copper, widely used in the literature as a current collector in this electrolyte, is not stable and undergoes pitting corrosion above ∼1.8 V. Cyclic voltammetry shows that copper undergoes electrochemical oxidation and reduction in the electrolyte, which was further confirmed by inductively coupled plasma atomic emission spectroscopy (ICP-AES), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) analyses. Among the current collectors studied, nickel shows excellent electrochemical stability up to ∼2.2 V and high efficiency for magnesium deposition and dissolution processes in the electrolyte, indicating that it is a strong candidate as both cathode and anode current collectors in magnesium batteries. Advanced rechargeable batteries have emerged as the flagship battery technologies for meeting the increasing global energy storage demands of both electric vehicles and stationary energy storage systems integrated into the electrical grids.
Advanced rechargeable batteries have emerged as the flagship battery technologies for meeting the increasing global energy storage demands of both electric vehicles and stationary energy storage systems integrated into the electrical grids. [1] [2] [3] Current batteries based on lead acid, nickel-metal hydride, sodium-sulfur, lithium-ion, and vanadium flow systems are still not capable of meeting the growing energy storage requirements due to various technical and cost barriers. [4] [5] [6] Li-ion batteries presently offer a high energy density of ∼200 Wh/kg, rendering them the best existing energy storage system for electric vehicles and small-scale stationary energy storage systems. However, magnesium batteries have recently attracted great interest due to their high energy density and environmentally friendly components, coupled with magnesium's low cost (∼$ 2700/ton for Mg compared to $64,000/ton for Li) and abundance in the earth's crust (∼13.9% Mg compared to ∼0.0007% of Li). [7] [8] [9] In addition, due to the bivalent nature of the magnesium ion (Mg 2+ ), a suitable intercalation anode/cathode if identified could generate twice the capacity of the best intercalation hosts available for Li-ion (single-valent Li + ) batteries. Theoretically, these Mg batteries can offer high volumetric specific capacity compared to lithium (3833 mAh/cm 3 for Mg vs. 2046 mAh/cm 3 for Li). 10, 11 Considering all these aspects, it is clear that magnesium battery systems could offer a significantly cheaper, better-performing battery option in contrast to lithium.
Despite these attractive attributes of Mg batteries, there are several challenges pertaining to the use of cathodes, electrolytes, anodes, and current collectors. With respect to electrolytes, electrochemically driven, reversible magnesium deposition/dissolution was first demonstrated only with Grignard reagents, 12 amidomagnesium halides, or magnesium organoborates in ether solutions. 13, 14 These electrolytes showed electrochemical stability up to ∼1-1.5 V (vs. Mg reference electrode) with poor magnesium cycling efficiencies. It was the pioneering work of Aurbach et al. that first shed light on the reversible deposition and dissolution of magnesium in tetrahydrofuran (THF) solution of magnesium organohalo-aluminate salt (Mg(AlCl 2 EtBu) 2 /THF, 0.25M), a Grignard reagent, with excellent columbic efficiency (∼100%) and wide electrochemical stability window (i.e., up to ∼ 2.2 V vs. Mg reference electrode).
1 Identification of this electrolyte sparked renewed interest among researchers in the development of magnesium-based secondary batteries. Extensive research during the past fifteen years has focused on the development of a feasible system for rechargeable magnesium-ion batteries, including identification and development of new insertion/extraction cathode materials such as MgMo 3 S 4, Mg 1.03 Mn 0.97 SiO 4 , and MoS 2 , new anodes, and a variety of electrolyte systems. [3] [4] [5] [6] [7] [8] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] However, the chemical instability of the Grignard reagent-based electrolyte 2 could lead to electrochemical incompatibility with the other components of the battery system, including the cathode, anode, separator, and current collectors. It is well known that compatibility between current collectors and electrolyte, particularly the stability of current collectors, is an important factor for designing a rechargeable battery with a long cycle life. 24, 25 Therefore, conducting a fundamental study and understanding the electrochemical behavior of current collectors in electrolyte for Mg-ion batteries is critical for enabling viable, practical applications. This topic however, to date has received little attention. 26 Hence, in this study, the electrochemical stability of potential current collectors for Mg-ion batteries, such as copper, nickel, stainless steel (SS 316L), aluminum, and titanium, has been investigated in detail using the Mg(AlCl 2 EtBu) 2 /THF electrolyte. Our results indicate that nickel is a good candidate as cathode and/or anode current collectors for Mg batteries in the present electrolyte due to its excellent electrochemical stability up to ∼2.2 V and high efficiency for magnesium deposition and dissolution. Characterization.-Electrochemical analyzes, including linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were carried out in a three-electrode cell on a CHI660D electrochemical workstation. The three-electrode cell consisted of a working electrode (Cu, Ni, SS 316L, Al, Ti or Pt purchased from Aldrich), a counter electrode (Mg purchased from Aldrich), a reference electrode (Mg), and the Mg(AlCl 2 EtBu) 2 /THF electrolyte. During LSV analyses conducted on the selected current collectors, the scan potential was controlled from open circuit potential (OCP) to 2.4 V. To verify the feasibility of the present electrolyte for reversible Mg deposition/dissolution, CV analyses were carried out on Pt in the potential range of −1-2.3 V (start from OCP to −1 V, and then increase to 2.3 V). Similarly, reversible Mg deposition/dissolution on Ni was also studied by CV between −1 and 2.2 V. The scan rates of the electrochemical tests in this paper were all set to 1 mV/s within the various potential ranges. Deposition/dissolution processes of Mg on Ni electrodes for efficiency calculation was carried out in CR2016 coin cells. Briefly, Ni and Mg were used as the working electrode and the counter electrode, respectively, and the coin cells were assembled using woven fiberglass (GFD) as the separator and 0.25 M Mg(AlCl 2 EtBu) 2 /THF electrolyte. The electrochemical performance was measured by a galvanostatic discharge process at a current density of 0.25 mAcm −2 for 1 h, followed by a galvanostatic charge process to the cutoff potential of 2.0 V vs. Mg, using a Neware CT-3008W (Shenzhen, China) battery testing system. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were performed using a Hitachi S-3500N operating at an accelerating voltage of 20 kV. It should be noted that the electrodes were washed with THF three times and dried in vacuum before conducting SEM and EDX analyses. The presence of any dissolved elemental species in the electrolyte was further analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, iCAP duo 6500 Thermo Fisher). The conductivity of the electrolyte was measured using a portable conductivity meter (HI991301, HANNA).
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The primary reasons for the selection of Mg(AlCl 2 EtBu) 2 /THF as the electrolyte in the present study are its known excellent electrochemical stability within a large electrochemical window and the high deposition-dissolution efficiency of magnesium in this electrolyte, as indicated in previous reports. 1, 27 In order to validate the quality of the as-synthesized electrolyte, it was first evaluated by CV using a three-electrode cell. Fig. 1 shows the first three CV cycles obtained from −1 V to 2.3 V using a Pt working electrode and Mg(AlCl 2 EtBu) 2 /THF electrolyte. The cycling efficiency for magnesium deposition/dissolution is determined from the ratio of the total peak area during dissolution and deposition for each CV cycle, as described in an earlier publication. 28 The deposition and dissolution of magnesium is highly reversible, with an efficiency of almost 100% (Table I ). The over-potentials for the first deposition and dissolution cycle were observed to be −0.45 and 0.25 V, respectively, and dropped to −0.25 and 0.05 V, respectively, by the third cycle. The decrease in over-potential and the increase in deposition/dissolution efficiency of magnesium (Table I ) may be ascribed to the desorption of the electrolyte on the working electrode after the first cycle. 27 In addition, the measured conductivity of the electrolyte was 0.149 Sm −1 , which is similar to the published reports. 2 The above analysis indicates the good electrochemical activity and performance of the as-synthesized electrolyte comparable to the results reported in previous studies. The electrochemical performance of Cu as a current collector was studied first, as it has been widely used in the magnesium batteries. 3, 6, 8 LSV was first used to study the stability of Cu in the electrolyte, where Cu was used as the working electrode and Mg as the counter and reference electrodes. For comparison, an LSV scan was also performed with Pt as the working electrode under the same conditions. Fig. 2 shows the LSV scan curves of Cu and Pt taken from OCP to 2.4 V with a voltage scan speed of 1 mVs −1 . With the Pt working electrode, only minimal anodic/oxidation current (due to electrolyte oxidation/decomposition) was observed in the positive scan until the potential of 2.3 V, which is in good agreement with the previous cyclic voltammetry of this electrolyte using Pt as working electrode (Fig. 1) and confirms yet again the quality of the as-synthesized electrolyte. However, with Cu, significant electrochemical corrosion was observed in the voltage range of 1.80-2.40 V, as shown in Fig. 2 . The anodic current begins to increase at about 1.80 V, and an obvious oxidation peak was observed at 2.05 V. Considering the excellent stability of the electrolyte as proven by CV and LSV data with Pt, both of these features are likely due to the oxidation of Cu in the LSV process. In addition, ICP-AES analysis performed on the electrolyte after the LSV scan using Cu as the working electrode shows the presence of ∼15.68 mgL −1 of Cu (Table II) , which further indicates and validates the electrochemical corrosion and dissolution of copper. Scanning electron micrographs presented in Fig. 3 also clearly show that the initially-smooth Cu electrode surface undergoes pitting during the LSV study, likely due to the corrosion of the Cu under a high potential. Digital photographs (inset in Fig. 3 ) of the same Cu electrodes before and after LSV scans also display the apparent change in color of metallic copper from pale red to grayish brown with distinct roughened spots, suggesting the occurrence of electrochemical corrosion in the presence of the electrolyte.
In order to further prove the oxidation of Cu, the Mg counter electrode was also examined by SEM and EDX after the LSV mea- surement. Fig. 4 shows that after LSV scan the Mg electrode surface was covered by a rough solid layer, which may be caused by adsorption/decomposition of the active components in the electrolyte. 13, 27 At the same time, a few clusters of aggregated particles were also observed on the surface of the Mg electrode. EDX analysis (point mode) reveals that these aggregates contained a large fraction of Cu. It should be noted that several of the other elements detected (Mg, Al and Cl) may originate from the residual electrolyte present on the specimen, and the trace oxygen may be ascribed to the oxidation of magnesium when the electrode was exposed to air during transfer of the sample for examination in the microscope. Nevertheless, observation of the deposited Cu on the Mg electrode combined with the obvious anodic peak at 2.05 V in the LSV curves and the presence of copper in the electrolyte as confirmed by ICP-AES results unequivocally demonstrates that oxidation of Cu occurs under high potential (1.80-2.40 V), followed by its dissolution in the electrolyte. It is likely that the Cu electrode is oxidized to form cupric Cu 2+ or cuprous Cu + ions that dissolve into the electrolyte and then diffuse to the Mg electrode. If the Cu 2+ or Cu + reaches the Mg electrode, elemental Cu is produced via direct replacement reactions 1 and 2.
To better understand the electrochemical behavior of Cu in the present electrolyte, CV analyses were also performed using Cu as the working electrode. As shown in Fig. 5 , during the first positive scan, the anodic current was observed beginning from 1.8 V and there was an oxidation peak at 2.05 V, which is consistent with the LSV analysis (Fig. 2) and ascribed to the electrochemical oxidation of Cu as illustrated in equation 3. In the negative scan process, a reduction peak was observed at about 1.0 V, which may be ascribed to electrochemical reduction of Cu 2+ or Cu + to Cu as shown in equation 4. In the second and third cycles, the oxidation and reduction current (peak intensity) continued to increase, indicating the enhanced reversible oxidation/reduction of Cu. The preceding results strongly suggest that copper is not a stable current collector above 1.80 V in Mg(AlCl 2 EtBu) 2 processes.
Since Cu is not suitable, it is therefore important to identify stable current collectors for cathodes used in magnesium batteries. We selected several common metals -Ni, SS 316L, Al, and Ti, and evaluated their electrochemical stability in the Mg(AlCl 2 EtBu) 2 /THF electrolyte. Fig. 6 shows the LSV curves obtained for Ni, SS 316L, Al, Ti, and Pt (for comparison) in the voltage range of OCP-2.4 V. LSV analysis of Al suggests that it is not stable beyond 1.2 V with the present electrolyte. Similarly, a weak anodic current was observed for SS 316L beginning at 1.6 V which continued to increase in the positive scan direction. The anodic current may be induced by the electrochemical corrosion of SS 316L, which is likely assisted by Cl − present in the electrolyte. 29 When Ti was used as the working electrode, a weak anodic current was also observed from OCP to 2.20 V with the current rising sharply thereafter. This indicates continuous oxidation of Ti in the electrolyte. In contrast, Ni exhibits a stable electrochemical window up to 2.20 V (Fig. 6) , comparable with that of Pt.
CV was performed to further confirm the reversible deposition/dissolution of Mg on Ni and the feasibility of Ni as a current collector in the Mg(AlCl 2 EtBu) 2 /THF electrolyte (Fig. 7) . In comparison to the CV using Pt as the working electrode under the same conditions ( Fig. 1) , Ni delivered lower and more stable over-potentials of 0.3 V and 0.05 V for the magnesium deposition and dissolution processes in the first cycle, respectively (Fig. 7) . The decrease in overpotentials of Ni compared to Pt may be related to the chemical characteristics, crystal structure, and surface morphology of Ni, 30 which may influence the adsorption of the electrolyte on the electrodes. 27 The Ni electrodes also allow high reversibility of the deposition and dissolution reaction of Mg, with cycling efficiency close to 100% during galvanostatic charge/discharge tests in coin cells (inset of Fig. 8 ). The dissolution/deposition efficiency was calculated by dividing the charge passed during dissolution by the charge passed (Fig. 8) . For the first cycle, Mg displayed a relatively high over-potential (0.7 V) and low efficiency (92%), which may relate to the wetting of the electrode by the electrolyte in the coin cell configuration and adsorption of electrolyte on both Mg and Ni electrodes. 27 However, the over-potentials decreased significantly to 0.25 V and cycling efficiency increased to about 100% in the consecutive cycles. The observed high deposition-dissolution efficiency and decreased over-potentials in both CV and coin cell analyses again further demonstrate that Ni is indeed a suitable candidate as a cathode and anode current collector for magnesium batteries.
Conclusions
Electrochemical evaluation combined with SEM and EDX analyzes indicates that Cu is not a stable cathode current collector for magnesium batteries using Mg(AlCl 2 EtBu) 2 /THF electrolyte at potentials above 1.80 V. Electrochemical corrosion of Cu occurs in the potential range of 1.80-2.40 V (vs. Mg 2+ /Mg) and an obvious oxidation peak was observed at 2.05 V in the cyclic voltammograms, indicating the susceptibility of Cu to undergo oxidization and corrosion under high potential in the electrolyte. Moreover, the oxidized Cu ions could be reduced reversibly at about 1.0 V in the negative scan process of CV, or irreversibly by Mg. Stainless steel 316L, Al, and Ti were also found to be electrochemically unstable in this electrolyte. In contrast, Ni exhibits an excellent stability up to 2.2 V in the electrolyte, which is comparable to the stable electrochemical window of Pt. The observed high efficiency and decreased over-potentials for the magnesium deposition/dissolution processes on Ni strongly suggest that Ni is an excellent current collector candidate for use as both cathodes and anodes in magnesium batteries.
